We report the results of a calculation of the nuclear matrix element of neutrinoless double-β decay of 48 Ca, carried out taking into account nucleon-nucleon correlations in both coordinate-and spin-space. Our numerical results, obtained using nuclear matter correlation functions, suggest that inclusion of correlations leads to a ∼ 20% decrease of the matrix element, with respect to the shell model prediction. This conclusion is supported by the results of an independent calculation, in which correlation effects are taken into account using the spectroscopic factors of 48 Ca obtained from an ab intitio many body approach.
I. INTRODUCTION
A fully quantitative approach to the calculation of the nuclear matrix element (NME) determining the neutrinoless double-β (0νββ) decay rate (see, e.g., Refs. [1, 2] ) requires the inclusion of correlation effects, not taken into account in the mean field approximation underlying the nuclear shell model.
High-resolution electron-induced nucleon knock-out experiments have provided unambiguous evidence of the inadequacy of the independent particle model (IPM) to describe the full complexity of nuclear dynamics. While the peaks associated with knock-out from shell model orbits can in fact be clearly identified in the measured missing energy spectra, the integrated strengths, yielding the corresponding spectroscopic factors, turn out to be significantly less than the IPM predictions, independent of the nuclear mass number [3, 4] .
Long range correlations are usually included within the framework of the Quasiparticle Random Phase Approximation (QRPA) and its extension, or carrying out large scale shell-model calculations.
The effect of short range correlations is taken into account modifying the two-nucleon state obtained from the IPM through the action of a correlation function (see, e.g., Ref. [5] [6] [7] ). However, existing calculations have been performed using somewhat oversimplified correlation functions, depending on the magnitude of the inter-nucleon distance only. Moreover, the results exhibit a strong dependence on the shape of the correlation function. According to the authors of Ref. [6] , different choices of the correlation functions lead to qualitatively different results, ranging from a ∼20% suppression to a ∼20% enhancement of the NME, with respect to the shell model result.
Nuclear matter studies carried out within ab initio many-body approaches, based on state-of-the-art models of the nuclear hamiltonian clearly show that the correlation function exhibits a complex operator structure, reflecting the strong spin-and isospin-dependence of the NN potential as well as its non spherically-symmetric nature.
As a first step towards the implementation of more realistic correlation functions in calculations of the 0νββ NME, we have studied the effect of spin-and isospindependent correlations on the NME of the 48 Ca → 48 Ti 0νββ decay using the results of accurate nuclear matter calculations carried out within the Correlated Basis Function (CBF) approach. The inclusion of isospin dependence allows one to take into account the differences between the correlation functions acting in the neutronneutron and proton-neutron channels. Moerover, spindependent correlations affect the Fermi and GamowTeller character of the transition matrix elements, leading to a mixing of the corresponding contributions. Being the simplest case from the point of view of nuclear structure, the 48 Ca → 48 Ti decay appears to be best suited for our exploratory analysis of correlation effects. In addition, searches of this decay are being carried out by the CANDLES [8] and CARVEL [9] experiments.
To gauge the robustness of our approach, we have also carried out an independent calculation, in which correlation effects have been taken into account through renormalisation of the shell model states.
In Section II, after recollecting the expressions of the Fermi and Gamow-Teller contributions to 0νββ decay within the closure approximation, we discuss the shellmodel structure of the two-nucleon matrix elements (SecarXiv:1401.2030v1 [nucl-th] 9 Jan 2014 tion II A) and the modifications arising from the inclusion of nucleon-nucleon correlations (Section II B). The results of our calculations are reported in Section III, while in Section IV we summarize our findings and state the conclusions.
II. 0νββ DECAY
The half-life associated with the 0νββ decay of a nucleus of mass A and charge Z (A, Z) → (Z + 2, A − 2) + 2e
τ , can be written in the form (see, e.g., Ref.
[2])
where G is a phase-space factor, m e is the electron mass and the so called effective neutrino mass is defined in terms of neutrino mass eigenvalues and elements of the mixing matrix according to
The NME can be cast in the form
where g V and g A are the vector and axial-vector coupling constant, respectively, while M F and M GT denote the Fermi (F) and Gamow-Teller (GT) transition matrix elements.
Within the closure approximation (see, e.g., Ref.
[1]) M F and M GT can be written in the general form
where α = F, GT, τ + i is the charge-raising operator acting in the isospin space of the i-th nucleon and Ψ i and Ψ f are the intial and final nuclear states, the total angular momentum and parity of which are labeled J 
where H(r jk ) is the so-called neutrino potential, given by
with j 0 (x) = sin x/x. In the above equations, r jk = |r j −r k | is the magnitude of the distance between the two nucleons involved in the decay process, R A is the nuclear radius and E is the average energy of the virtual intermediate states employed in the closure approximation.
A. Two-body matrix elements
We assume that two neutrons of the initial state nucleus decay, while the other nucleons act as spectators. Owing to the two-body nature of the transition operators, the matrix element in Eq. (5) can be reduced to a sum of products of two-body transition densities (TBTD) and antisymmetrized two-body matrix elements [6] 
Here, the indeces 1 and 2 label the quantum numbers of the two decaying neutrons, while 1 and 2 refer to the final state protons. The angular momentum of a nucleon participating in the decay is denoted j i (i = 1, 2), while J π and T specify the total angular momentum, parity and isospin of the nucleon pair, respectively. Finally, the notation | · · · a refers to antisymmetrized twoparticle states.
The coefficients T BT D (j 1 , j 2 , j 1 , j 2 ; J π ) describe how the spectator nucleons rearrange themselves as a result of the decay process. They are computed in a model space using an effective nucleon-nucleon interaction.
In order to carry out the calculation, the two-body matrix element in Eq. (8) must be decomposed into products of reduced matrix elements of operators acting in spin and coordinate space. In addition, the coordinatespace two-nucleon state is rewritten in terms of relative and center of mass coordinates, r 12 = r 1 − r 2 and R 12 = (r 1 + r 2 )/2, according to
where k i and l i are the principal and angular momentum quantum numbers, respectively, while . . . Λ , Λ being the angular momentum of the proton pair in the final nucleus, are the coefficients of the Talmi-Moshinski transformation of the harmonic oscillator basis [10, 11] .
B. Correlated wave functions
Within CBF, the correlated nuclear states, |Ψ n , are obtained from the shell model eigenstates, |Φ n , through the transformation
where the operator F , embodying the correlation structure induced by the NN interaction, is written in the form
Note that, in general, [f ij , f ik ] = 0. As a consequence, the product in the right hand side of Eq. (11) has to be symmetrized through the action of the operator S. The two-body correlation functions f ij , the operator structure of which reflects the structure of the NN potential, can be cast in the form
with
where σ i and τ i are Pauli matrices acting in spin and isospin space, respectively, and
At lowest order of the cluster expansion scheme (see, e.g., Ref. [12] ), including correlations in the two body matrix element of Eq. (8) 
Equation (16) implies that using the correlation function defined by Eqs. (12) and (13) affects the operatorial structure of the transition operators. To see this, consider, for example, the somewhat simplified case of a correlation function including contributions with m ≤ 4 only. Because for nucleons participating in double-β decay (τ 1 · τ 2 ) = 1, the resulting correlation functions can be rewritten in the form [see Eqs. (12) and (13)]
From the above definitions and the relation ( 
III. RESULTS
As stated in Section I, our analysisis is aimed at studying the effects of nucleon-nucleon correlations. Therefore, we have kept the complications associated with the shell model description of the nuclear states to a minimum.
We focused on the reaction 
in which both the initial and the final nucleus are in their ground states, having
Ca is the lightest nucleus that can undergo double-β-decay, and its shell structure is quite simple, Z=20 and (A-Z)=28 being both magic numbers, corresponding to closed shells.
We consider the case in which the neutrons and protons involved in the decay process occupy the 1f 7/2 shell. As a consequence, in the matrix element of Eqs. (8) and (9) 
Numerical calculations have been carried out using the TBTD reported in Ref. [13] and harmonic oscillator wave functions corresponding to ω = 45A −1/3 − 25A −2/3 MeV. The vector and axial-vector coupling constant and the average energy of Eq. (7) have been set to the values reported in Ref. [6] : g V = 1, g A = 1.25 and E = 7.72 MeV. Note that the dependence of the NME on the average energy is quite weak. Changing the value of E from 2.5 MeV to 12.5 MeV results in a variation of the NME of less than 5% [6] .
The correlation operator employed in this work includes the components with m ≤ 4 of Eq. (12), needed to take into account spin-and isospin-dependence. The radial dependence of the functions f (m) (r 12 ) have been obtained from a realistic nuclear hamiltonian including the Argonne v 6 NN potential, solving the set of EulerLagrange equations derived from the minimization of the ground state energy of isospin-symmetric nuclear matter at equilibrium density [14] .
In Fig. 1 the correlation functions f (r 12 ) and g(r 12 ) (multiplied by a factor 5) of Eq. (17) are compared to those employed in the study of the 48 Ca → 48 Ti 0νββ decay described in Ref. [6] . The solid, dot-dash and dashed line correspond to the correlation functions referred to as Miller-Spencer, AV 18 and CD Bonn, respectively.
The numerical values of the ratio M/M SM , where M SM is the NME computed without including correlations -which amounts to setting f (r ij ) = 1 and g(r ij ) = 0 -are listed in Table III . It appears that inclusion of central correlations leads to a > ∼ 20% decrease of the NME, while the effect of spin-dependent correlations turns out to be small, and goes in the opposite direction. 
0.77 0.79 Table I : Ratio between the 0νββ NME of Eq. (4), computed including central and central plus spin-dependent correlations and the corresponding quantity obtained setting f (r12) = 1 and g(r12) = 0.
Our results are quite close to that obtained by the authors of Ref. [6] using the Miller-Spencer correlation function. However, the same paper also reports a ∼ 10% and ∼ 20% enhancement of the ratio M/M SM , resulting from calculations carried out with the CD-Bonn and AV 18 correlation functions, respectively. Comparison between the shapes of the correlation functions, displayed in Fig. 1 suggests that the qualitative differences in the calculated M/M SM ratios reflect the differences in shape of the correlation functions. The enhancement of the NME, yielding M/M SM > 1, appears to be associated with the use of correlation functions that sizeably overshoot unity at intermediate distance, while exhibiting a less pronounced correlation hole at short distance.
Valuable insight on the behaviour of nucleon-nucleon correlation can be obtained from theoretical studies of infinite nuclear matter. The simplifications arising from translation invariance allow one to carry out accurate calculations of the two-nucleon distribution functionsyielding the probability distribution of finding two nucleons at separation distance r -in both the neutronneutron (nn) [or, equivalently, proton-proton (pp)] and proton-neutron (pn) channels. They are defined as
where τ 3 i is the matrix describing the z-component of the isospin of particle i, while . . . denotes the ground state expectation value. Figure 2 shows the radial dependence of the distribution functions g nn (r) (solid line) and g pn (r) (dashed line) computed using the Fermi Hyper-Netted Chain (FHNC) summation scheme and the Argonne v 6 NN potential [14] . The dot-dash line corresponds to the results obtained at two-body cluster level with the correlation function of Eqs. (17)- (19). It clearly appears that: i) the distribution function in the nn channel does not overshoot unity, and ii) the lowest order approximation provides a remarkably good description of the full result. (24), computed within the FHNC approach using the Argonne v 6 NN potential [14] . The dot-dash line corresponds to the results obtained at two-body cluster level using a correlation function defined as in Eqs. (17)
-(19).
A different procedure to include correlation effects in the NME of the 0νββ decay is based on the renormalisation of the shell model states. Within this scheme the single nucleon state of quantum numbers klj is modified according to [compare to Eq. (15)]
the spectroscopic factor Z klj being given by [15] 
where the superscript α = p, n specifies the z-component of the isospin, while the quasi hole wave function φ α klj is defined as
In the above equation, |Ψ 0 and |Ψ α klj denote the nuclear ground state and the (A-1)-nucleon state obtained removing a nucleon with quantum numbers klj and isospin projection α, respectively. The normalisation factor is given by
In the absence of correlations, Z klj = 1 for all occupied shell model states, and Z klj = 0 otherwise. The authors of Ref. [15] have carried out an ab initio calculation of the spectroscopic factors of 48 Ca within the FHNC approach, using a nuclear hamiltonian including the Argonne v 8 NN potential supplemented with the U IX three-nucleon potential.
We have employed the results of Ref. [15] to describe correlation effects in the NME of 0νββ decay through the replacement
which, under the additional assumption
yields
The correspondence between the above result and the expression of the NME involving the correlation functions can be easily shown using correlated states in Eq. (27), and using the two-body cluster approximation to evaluate the overlap. Substitution of the numerical value reported in Table  III Table III. Note that, although the validity of the approximation of Eq. (30) should be carefully investigated, nuclear matter results clearly support its accuracy [16] .
IV. CONCLUSIONS
We have carried out a study aimed at analysing the effects of short range NN correlations on the NME of the 0νββ decay of 48 Ca. The results of our calculations, preformed using spinand isospin-dependent correlation functions -obtained from the minimisation of the ground state energy of isopsin symmetric nuclear matter at equilibrium density -indicate that inclusion of correlations leads to a ∼ 20% descrease of the NME, with respect to the shell model prediction.
Comparison between our results and those of Ref. [6] suggests that the radial behaviour of the correlation function plays a critical role. Using correlation functions that sizeably overshoot unity and exhibit a reduced correlation hole leads to predict an enhancement, rather than a decrease, of the NME.
The approach employed to obtain the correlation functions used in our work provides a realistic description of the short range structure of two-nucleon states in nuclear matter, properly taking into account the differences between nn and pn pairs. Moreover, the lowest order cluster approximation appears to provide a remarkably good accuracy.
In order to gauge the robustness of our results against inclusion of finite size and shell effects on the correlation functions, we have also estimated the 0νββ decay NME using the spectroscopic factors of 48 Ca computed in Ref. [15] within the FHNC approach.
While a more refined analysis -based on correlation functions obtained from the minimisation of the ground state energy of 48 Ca and including the full operator structure of Eqs. (12)- (13) -is certainly called for, the fair agreement between the results obtained from the two different approaches employed in our work suggests that the main features of correlation effects in the NME of 0νββ decay of 48 Ca are understood at nearly quantitative level.
